Abstract In the present study, ZnO nanostructures have been successfully synthesized by hydrothermal, sonochemical and precipitation methods using polyvinyl pyrrolidone (PVP) as the capping agent. The ZnO nanoparticles were characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), UV-Visible spectroscopy and photoluminescence (PL) techniques. The XRD results revealed the hexagonal wurtzite structure of the ZnO nanostructures for all the samples. Furthermore, the morphology of the ZnO particles was obtained from FESEM micrographs. Particles prepared by hydrothermal method were found to be rice grain shaped and that prepared by precipitation and sonochemical methods were spherical shaped. Sunlight driven photocatalytic degradation of methylene blue (MB) was studied for ZnO nanostructures synthesized by various methods. The ZnO nanostructures were further decorated with Ag nanoparticles to enhance its dye degradation efficiency. The Ag decorated ZnO nanoparticles exhibited a higher degradation rate as compared to pure ZnO nanoparticles which was independent of pH. Since this process of dye degradation relies on the degradation of dye due to oxidation by highly reactive hydroxyl radicals, there are many factors which affect the efficiency of this process. Hence a study was conducted on the effect of various parameters on ZnO viz amount of catalyst, reaction pH and concentration of MB dye.
Introduction
The dyes are extensively used in textile, paper printing, food processing, cosmetics, pharmaceutical and leather industries. In recent years, environmental pollution due to the release of toxic chemicals from industrial sectors has been a major concern. Out of the 450,000 tons of organic dyes annually produced worldwide, more than 11 % find its way in effluents during manufacture and application processes (Forgas et al. 2004 ). This toxic effluent causes various environmental and health hazards (Parsons 2004) . To overcome this issue researchers are working on various dye removal methods such as biodegradation, coagulation, adsorption, membrane process and advanced oxidation processes (AOPs). Among these processes the AOP is a balance process which includes widely studied sunlight driven photocatalysis process for removal of dyes. In this process electrons (in conduction band) and holes (in valence band) are generated using light energy. These holes and electrons interact with H 2 O and O 2 , respectively, to yield OH and OOH radicals (Behnajady et al. 2007; Akyol and Bayramoglu 2008; Anandan et al. 2007 ). These hydroxyl radicals are highly reactive with very high oxidation potential and can oxidize the dyes completely. It is a fast, clean and destructive method of dye degradation in which no secondary waste is generated (Fernandez et al. 2010 ).
Zinc oxide (ZnO) is one of the n-type semiconductors extensively used for AOP due to its wide band gap (3.3 eV) and large exciton binding energy (60 meV). It is also abundant in nature and is environmental friendly (Wahab et al. 2011) . Moreover, ZnO is a better semiconductor as compared to commonly used TiO 2 , because widespread use of TiO 2 has been proved to be uneconomical for large scale water treatment operations (Sobana and Swaminathan 2007) . Nevertheless, ZnO can also effectively degrade dyes in acidic or basic medium, and is cheaper than TiO 2 (Yang et al. 2010; Xie and Wu 2010) . The utmost advantage of ZnO is that it absorbs more light quanta in the UV spectrum as compared to TiO 2 (Behnajady et al. 2006) .
Uptill now, a variety of methods have been developed for the synthesis of ZnO nanostructures which include hydrolysis in polyol medium (Poul et al. 2001) , template method (Kou et al. 2006) , chemical precipitation method (Wang et al. 2007a, b) , thermal oxidation process , hydrothermal (Zhou et al. 2007 ) and microwave synthesis (Siddiquey et al. 2008) . These synthetic methods subsequently affect the morphology, size, crystalline form and photocatalytic activity of ZnO nanostructures Shi et al. 2004; Mohajerani et al. 2008) . Therefore, ZnO nanostructures with diverse morphologies like nanowire (Huang et al. 2001) , nanobelt (Pan et al. 2001) , ellipsoidal Xie et al. 2006; Pu et al. 2007 ), flower like (Tanner and Yu 2008) , tube like (Yu et al. 2005 ) have been successfully synthesized. Effects of morphology and particle size on the photocatalytic activity of ZnO have also been studied and reported in the literature (Wang et al. 2007a, b; Jing et al. 2005; Dodd et al. 2006 ). For example, Jing et al. studied ZnO nanoparticles with three different sizes (14, 19, 26 nm) prepared by precipitation process. High surface oxygen vacancies, higher ESR intensity, stronger PL signal, and higher photocatalytic activity was observed for the smaller sized ZnO nanoparticles (Jing et al. 2005) . Dodd et al. (2006) reported the synthesis of ZnO nanoparticles within 28-57 nm range by mechanical milling and heat treatment with maximum photocatalytic activity for 33 nm sized ZnO particle. Li et al. (2005) also obtained ZnO nanoparticles with average sizes 21-90 nm by varying the calcinations temperature between 200 and 1,000°C and found that prismatic aggregated obtained by calcination at 800°C demonstrated the highest photocatalytic activity. More recently, Wang et al. (2007a, b) showed that photocatalytic properties of various particle sizes of ZnO (15, 50, 200 and 1,000 nm) synthesized by thermal evaporation and chemical deposition in UV-induced degradation of methyl orange depended on size, morphology and preparation method of ZnO. Thus, according to previous reports, it is observed that the efficiency of photocatalytic process can be maximized by optimizing the particle size, shape and preparation conditions/methods of ZnO photocatalysts.
We herein report, synthesis of ZnO nanostructures using three different methods viz hydrothermal, precipitation and sonochemical in presence of polyvinyl pyrrolidone (PVP) as a capping agent. The effect of synthetic methodology on the morphology and size of the nanostructures was studied. The sunlight driven photocatalytic activity of synthesized ZnO nanostructures was demonstrated using methylene blue (MB) as a representative dye. These ZnO nanostructures were further decorated with silver nanoparticles to enhance its photocatalytic activity. The degradation process is optimized with respect to catalyst dose, dye concentration and pH. The higher photocatalytic activity was achieved for ZnO with rice grain shape morphology obtained from hydrothermal process. To the best of our knowledge the photocatalytic activity is significantly higher than the other reports.
Experimental

Synthesis of nanostructured ZnO photocatalyst
All the chemicals used in this study were of analytical grade and used without further purification. Deionised water was used in all the experiments.
Three different synthetic schemes were used in the present study as follows:
Hydrothermal synthesis
Zinc acetate (CH 3 COO) 2 ZnÁ2H 2 O (6 g) and PVP (5 g) were dissolved separately in 15 mL methanol. These two solutions were mixed and were poured in a 250 mL Teflon vessel. A solution of NaOH was made by dissolving NaOH (6 g) pellets in 30 mL methanol. This NaOH solution was then slowly added to the above solution in Teflon vessel. A white precipitate was formed. Further, 5 mL of distilled water was added to this solution. The Teflon vessel was sealed and placed in a stainless steel autoclave. This stainless steel autoclave was placed in an oven at 70°C for 24 h. The resultant precipitate was centrifuged and washed several times with distilled water and finally with acetone to remove the excess capping of PVP. After sufficient washings, the residue was dried at 70°C for 24 h and ground to form a fine powder (Sample code ZN:1).
Precipitation method
Zinc acetate (6 g) and PVP (5 g) were separately dissolved in 30 mL methanol. The above mixture was mixed and kept on magnetic stirrer for constant mixing for 1 h. NaOH solution was added dropwise to the above mixture and ZnO was allowed to precipitate completely. The above reaction mixture was covered and kept aside for aging for 24 h. The obtained white coloured precipitate was separated by centrifugation at 4,000 rpm and washed several times with distilled water till it was free from metal salts and finally with acetone. The residue was further dried at 70°C for 24 h and then ground to form homogeneous powder (Sample code ZN:2).
Sonochemical method
Zinc acetate (6 g) and PVP (5 g) were dissolved separately in 15 mL methanol. These two solutions were admixed and kept for sonication for 15 min using probe sonicator (Sonics Vibra cell). After 15 min, NaOH solution was added dropwise to the above solution with continuous sonication. The white coloured precipitate occurred. This reaction mixture was further continued to sonicate for 45 min and kept aside for overnight aging. After 24 h, the milky suspension was centrifuged at 4,000 rpm for 10 min. The obtained white precipitate was washed several times with distilled water and finally with acetone. The residue was dried at 70°C in oven and ground using motor and pestle to form final oxide powder (Sample code ZN:3).
Preparation of Ag decorated ZnO nanostructures
The ZnO nanoparticles synthesized by above three methods were further decorated with Ag nanoparticles. For this purpose, 2 wt % Ag loading was done for all ZnO samples. The detailed procedure is as follows: 0.5 g ZnO powder was suspended in freshly prepared 100 mL solution of 0.001 M AgNO 3 in a round bottom flask. The round bottom flask was sealed with a rubber cork and kept for constant stirring on a magnetic stirrer. After an hour few drops of dilute hydrazine hydrate were added to this solution. The colour of the solution turns violet. The resultant Ag decorated powder was separated by centrifuging the solution at 4,000 rpm. The powder was washed twice with distilled water and final washing of acetone was given to remove all the impurities (Sample code ZND:1, ZND:2 and ZND: 3 for hydrothermal, precipitation and sonochemical methods, respectively).
Physicochemical characterization
The physico-chemical characterization of pristine ZnO and Ag decorated ZnO nanoparticles was done by X-ray diffraction (XRD, Brucker D8-Advance X-Ray powder diffractometer) using CuKa radiation (k = 1.54 Å ). The scanning range was 20°\ h \ 80°, voltage = 40 kV and current 40 mA. The morphology and size of the ZnO nanoparticles was determined by field emission scanning electron microscopy (FESEM, Hitachi S-4800 SEM). The absorption spectra of ZnO samples were obtained by UV-Visible spectrophotometer (Jasco V-570 UV-Visible spectrophotometer). Photoluminescence (PL) measurements were obtained from Hitachi F-2500 Fluorescence spectrophotometer.
Photocatalytic experiments
The photocatalytic activity of ZnO nanoparticles was evaluated by degradation of MB dye solution. All the experiments were carried out in presence of sunlight. 100 mL (10 mg/L) MB dye solution was taken in a conical flask. To this 50 mg of ZnO catalyst was added and was stirred in dark for 10 min to allow the physical adsorption of dye molecules on the catalyst surface. This experimental setup was then placed in sunlight under constant stirring. To study the effect of pH on degradation efficiency, the pH of the MB dye solution was systematically adjusted by adding 0.1 M HCl or NaOH. The pH value of the solutions was measured by Cyberscan 500 pH meter at room temperature.
The samples (*5 mL) were collected at regular intervals from the reaction mixture and centrifuged to remove the suspended catalyst. The concentration of MB dye was determined from the absorption spectra of all the MB dye degradation samples obtained by UV-Visible spectrophotometer at k max = 665 nm. The percentage dye degradation was calculated using formula:
where, C 0 is the initial dye concentration; C is the dye concentration at time (t)
Results and discussion
Characterization
The XRD patterns of the ZnO photocatalyst synthesized by three different methods are shown in Fig. 1 . These X-ray diffractograms were analyzed to obtain information about various crystalline aspects. All the samples exhibit similar XRD patterns. The major diffraction peaks observed at 2h values = 31. 9°, 34.4°, 36.2°, 47.5°, 56.7°, 62.7°, 68.1°, 68.8°correspond to (100) , (002), (101), (102), (110), (103), (112), (201) reflection planes, respectively. These results are in accordance with the reported literature (JCPDS 36-1541) which implies the hexagonal wurtzite structure of ZnO. Furthermore, it can also be seen that the enhanced intensity of (101) peak is dominant over all other peaks confirming the formation of hexagonal wurtzite structure.
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where k is the wavelength of X-rays (1.540 for CuKa), h is the Bragg's angle, b is the full width at half maximum. The calculated mean crystalline sizes of ZnO nanostructures synthesized by hydrothermal, precipitation and sonochemical method are 9.9, 9.3 and 8.6 nm, respectively. Figure 2 displays the representative XRD pattern of Ag decorated ZnO sample obtained by hydrothermal method (sample ZND:1), in which there are three peaks at 38.1°, 44.2°, and 64.4°corresponding to (111), (200) and (220) planes of the Ag nanoparticles (Yin et al. 2012) . It should also be noted that the peak of the (111) plane in intensity is comparatively intense than those of other two peaks, suggesting that the Ag NPs are mainly enclosed with the (111) planes. Furthermore, according to some previous reports, Ag can be incorporated in ZnO systems either as a substituent for Zn 2? or as an interstitial atom (Fan and Freer 1995; Blinks and Grimes 1993) . If the silver is substituted for Zn 2? , a corresponding shift would be expected in the XRD pattern. No such shift in the peak positions was observed in our modified sample, indicating the segregation of Ag particles in the grain boundaries of ZnO crystallites rather than going into the lattice of ZnO.
Figure 3 displays FESEM photomicrographs of ZnO photocatalysts obtained from three different methods. Formation of rice grain type structure with mean diameter *5 nm and length *50 nm was observed in case of ZnO obtained from hydrothermal method (Fig. 3a, b) . The products obtained by precipitation and sonochemical methods revealed spherical morphology (Fig. 3c-f) . The average diameter of spheres is around 15-30 nm. It should be noted that irrespective of the synthetic methodologies all ZnO particles are uniform and homogeneously distributed.
It is well known that the optical absorption behaviour of photocatalyst could significantly affect the photocatalytic activity. Fig. 4 represents the optical absorption spectra of ZnO photoctalysts obtained from three different methods. Single absorption peak at *360-370 nm was observed for all the samples. These results are similar to the results reported by Yang et al. (2010) . The prepared ZnO samples showed good optical absorption behaviour, especially for UV light absorption. The band gap energy of ZnO nanostructures was calculated based on the absorption spectrum of the sample according to the equation
where, E bg is the band gap energy of the photocatalyst, k is the wavelength in nm. The calculated bandgap of the ZnO samples are 3.3, 3.4 and 3.4 eV for hydrothermal, precipitation and sonochemical methods, respectively. This indicates that synthesized ZnO has a suitable band gap for photocatalytic degradation of dyes. Furthermore, from UV-Vis spectra (Fig. 4) , it is also observed that the optical absorption The PL spectra are useful to disclose the efficiency of charge carrier trapping, immigration, and transfer and to understand the fate of electron hole pairs in semiconductor particles since PL emission results from the recombination of free carriers (Pawinrat et al. 2009 ). The PL spectra of ZnO photocatalysts were examined using 300 nm excitation wavelength and are depicted in Fig. 5 . All the samples showed a strong emission peak *380 nm (UV near band edge) which can be attributed to the defect-related emissions and is in accordance with the reported values for ZnO, which possesses an exciton-related violet emission at 380 nm (Li et al. 2009 ).
Photocatalytic activity
The photodegradation of methylene blue was employed to evaluate the photocatalytic activities of the pristine and Ag decorated ZnO nanostructures. The photocatalytic properties of ZnO are known to depend on several factors like size, morphology, surface area and electronic state. The self degradation of MB in UV light was negligible in the absence of photocatalyst. Figure 6 presents the plot of ln (C 0 /C) versus time, which clearly shows a linear relationship with the irradiation time, indicating that the photodegradation of the dye follows a pseudo first order kinetics. It is observed that the Ag decorated ZnO showed higher photodegradation efficiency as compared to pristine ZnO (Fig. 7) . This is due to Ag decoration which provides active sites on the surface of ZnO and also reduces electron-hole recombination. The highest degradation activity was obtained for Ag decorated rice grain shaped ZnO nanoparticles. Many researchers have reported the effect of crystal size of ZnO on photocatalytic activity and also the optimum size for which photocatalytic activity is maximized. It is proved that when the particle sizes of nanostructures increase beyond the optimum size, the photocatalytic activity decreases due to decrease in surface area. The ZnO samples synthesized by hydrothermal method (ZN:1), precipitation method (ZN:2) and sonication method (ZN:3) took 45, 100 and 55 min, respectively for complete MB degradation. Recently, Lv et al. (2012) have reported a microwave-assisted synthesis of ZnO-reduced graphene oxide-carbon nanotube (CNT) composites and their application for MB dye degradation under UV irradiation. It was found that, the ZnO-RGO-CNT composite with 3.9 wt % CNTs achieves a maximum degradation efficiency of 96 % under UV light irradiation for 260 min of irradiation. Compared with these composites, our synthesized bare ZnO nanoparticles are having the enhanced photodegradation efficiency and advantage of operating under sunlight. Furthermore, Sun et al. (2012) have reported synthesis of nut-like, hexagonal sphere-like, oblate-like and flower-like ZnO structures and studied the UV-assisted photodegradation of methylene blue dye. The results shows that, 100 mL, 10 mg/L of the aqueous MB dye solution was degraded after 180 min of UV light irradiation in presence of each of the studied photocatalyst (80 mg). In comparison with the above results, our synthesized ZnO nanostructures exhibit comparatively higher photocatalytic activity for degradation of MB dye. It can be seen from the Fig. 6a that ZN:1 sample has got the highest degradation efficiency with degradation rate constant k = 1.027 min -1 (Table 1 ). The as-synthesized pristine ZnO nanostructures were modified by suspending ZnO powder in freshly prepared 0.001 M AgNO 3 solution. The major aim behind the modification of ZnO with Ag is to improve the catalytic property. The deposition of noble metals on semiconductor nanoparticles is an effective way for improving the photocatalytic efficiency, as the interfacial charge transfer processes are influenced by the metal modifier. As a noble metal silver can act as electron scavenger and store them effectively. Light absorption of a suitable wavelength by ZnO results in the promotion of an electron from the valence band to the conduction band. The resulting hole is primarily responsible for the formation of hydroxyl radicals, which subsequently degrade the pollutants adsorbed onto the surface of catalyst. In such photocatalytic process, the separation and recombination of photogenerated charge carriers are competitive pathways and photocatalytic activity is effective when recombination between them is prevented. The extent of recombination can be estimated by the intensity of luminescence.
It can be seen from Fig. 5 , that the UV emission of ZnO (centred at 380-390 nm) for Ag decorated ZnO reduces in the order ZND:1 [ ZND:3 [ ZND:2, respectively. This gradual decrease can be ascribed to the electron trapping effect of Ag, which acts as an electron acceptor species, hindering the recombination of charge carriers on ZnO. Accordingly, the superior photoactivity of ZND:1 (2.109 k [min , reaction time = 15 min except for pH 13 Appl Nanosci (2014) 4:199-208 205 Effect of pH
The effect of pH on the photocatalytic activity was studied by varying the pH of the dye solution. It can be seen from Fig. 8 that pH has a significant effect on the photodegradation rate. The rate of degradation increased with the increase in pH. There exists an electrostatic interaction between the catalyst surface and the dye molecules which consequently enhances or inhibits the photodegradation rate. The effect of pH value on photocatalysis is generally due to surface charge of the catalyst and the charge on dye molecules (Kong et al. 2010) . The change in pH shifts the redox potentials of the valence and conduction bands, which might affect the interfacial charge transfer (Jiang et al. 2008; Chakrabarti et al. 2004) . The surface of ZnO is positively charged at low pH whereas; with rise in pH the surface becomes negatively charged. As MB is a cationic dye, high pH favours the adsorption of dye molecule on the catalyst surface which results in high degradation efficiency. The degradation rate was found to be enhanced in alkaline conditions and maximum activity was obtained at pH 13. At pH 13, 96 % dye degradation is observed in 6 min for ZN:1 sample and 96 % dye degradation is observed in 5 min for ZND:1 sample (see Figs. 8, 9) .
Effect of catalyst dose
The effect of catalyst dose on photo-degradation efficiency was studied by varying the catalyst dose. It is seen that the degradation efficiency of the MB increased with increase in the catalyst dose but after a certain concentration, the degradation efficiency decreases. This is due to impairment in light penetration with increasing catalyst dose. The increased catalyst dose increases the turbidity of the solution thus blocking the light and causing scattering. From  Fig. 10 , it can be seen that maximum photocatalytic degradation is seen at 50 mg dose of ZnO photocatalyst, as the dose was further increased the rate of degradation was affected. , pH = 6.8
Effect of initial concentration of MB
The effect of initial concentration of MB on photocatalytic activity was studied by varying the initial dye concentration from 5-15 mg L -1 . The degradation efficiency is significantly dependent on the initial dye concentration; the results are shown in Fig. 11 . The dye degradation efficiency decreases as the concentration of MB dye increased. This can be attributed to the number of hydroxyl radicals which remains constant as the ZnO catalyst dose was kept constant. Maximum dye degradation was observed at 5 mg L -1 (Fig. 11) . As the concentration of the dye increased the degradation efficiency decreased.
Conclusions
The present study outlines the synthesis of nanostructured ZnO photocatalyst by hydrothermal, precipitation and sonochemical methods using polyvinyl pyrrolidone as capping agent. The physico-chemical characterization involved XRD, FESEM, UV-Visible and PL. The synthesized ZnO photocatalyst possessed hexagonal wurtzite structure. The unique rice grain shaped ZnO nanostructures were obtained from hydrothermal method. The photocatalytic activity of prepared ZnO photocatalyst was evaluated by methylene blue dye. The results clearly indicate that synthesized rice grain shaped ZnO photocatalyst shows higher photocatalytic activity as compared to ZnO synthesized by other two methods. Further Ag decoration of ZnO photocatalyst was done to enhance its degradation efficiency. The Ag decorated ZnO showed a higher degradation rate as compared to pristine ZnO photocatalyst independent of pH. The rate constant for Ag decorated ZnO photocatalyst is k = 2.109. It was found that degradation kinetics of MB fitted the pseudo first order kinetics. Furthermore, optimization of parameters was done for pristine and Ag decorated ZnO photocatalyst obtained by hydrothermal method. It was found that at pH 13; *96 % dye degradation of MB is observed in 6 min for pristine sample and *96 % dye degradation is observed in 5 min for Ag decorated sample. The above results show that the nanostructured ZnO photocatalyst exhibits excellent photocatalytic activity and can be considered as a promising photocatalyst for treatment of dye effluents. Appl Nanosci (2014) 4:199-208 207 
